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Abstract 
 
We show that the essential physics of the Hanbury Brown-Twiss (HBT) and 
the thermal light ghost imaging experiments is the same, i.e., due to the 
intensity fluctuations of the thermal light. However, in the ghost imaging 
experiments, a large number of bits information needs to be treated together, 
whereas in the HBT there is only one bit information required to be obtained. 
In the HBT experiment far field is used for the purpose of easy detection, 
while in the ghost image experiment near (or not-far) field is used for good 
quality image.  
 
 
PACS numbers: 42.50.Dv, 42.50.St, 42.50.Ar, 03.65.Ud  
 
 
Recently, there is a heated discussion on the physics of the ghost imaging (GI) 
with thermal light [1-5]. For example, in a recent paper Scarcelli, Berardi and Shih pose 
the question: ‘Can two-photon correlation of chaotic light be considered as correlation of 
intensity fluctuations?’ [5]. The authors conclude that the chaotic (thermal) light ghost 
image could not be explained with classical mechanics, and the physics of the ghost 
imaging is not the intensity fluctuations of the thermal light 212121 IIIIII −=∆∆  as 
in the Hanbury Brown-Twiss (HBT) experiment [2,5]. Instead, they claim, that the 
essential physics is the two photon quantum interference [2,5]. On the other hand, others 
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have concluded that the ghost imaging with classical thermal field is essentially a 
classical effect [3,4].  
Originally the ghost image was achieved with entangled light [6]. In 2004 the 
formation of ghost image with thermal light was predicted [7] and the equation for the 
image formation is given in Ref. [8]. In 2005 the experiments on ghost imaging with 
thermal light were realized [9-11]. Since then, theoretical models are put forward to 
explain the thermal light ghost imaging [3,12, 13]. Until today, far field is used in the 
HBT experiments, while near field (not far field) is used in the ghost imaging 
experiments [2,5]. There is a first order coherence for the far field, while the first order 
coherence for the near field (not far field) is small. A question of interest is whether the 
far field and the near field result in significantly different physics. We ask ourselves, 
what will be the results if we use the far field and the near field for both HBT and GI 
experiments. In the present paper, we address this question and discuss how an answer to 
this question reveals the physics behind the GI and the HBT effect.  
  
 
 
 
 
Fig.1 Ghost image setup. 
 
The setup for the thermal light ghost imaging experiment is presented in Fig. 1 
with a lens immediately behind the object focusing onto D2 (as a bucket detector [5]). 
The HBT experiment [14] is the same except the detector D2 is placed at the location of 
the object and there are no object and lens. In both experiments, the source is a surface 
thermal light, for example a black box at a certain temperature. The thermal light from 
the source is split by a beam splitter and shines the two detectors, D1 and D2 through two 
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paths, as shown in Fig.1. The second order correlation is detected by D1 and D2 in both 
the experiments. For the thermal light, the field statistics is Gaussian and this allows the 
calculation of the second order correlation from the first order correlation, i.e.,   
( ) 2212121212 ),()()(,G uuuIuIIIuu Γ+>><=<= ,     (1) 
where >< )( 2,1uI  are the intensities at the points 1u  and 2u  on the planes of D1 and D2, 
and >=<Γ + )()(),( 2121 uEuEuu  is the cross correlation. The correlations at the detectors 
can be found out from the correlation at the source by correlation propagation method 
[14]. 
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where 2,1x  are the points at the source plane and the integrals are within the source. Here 
),( 2,12,1 uxh  are the propagation functions of the correlation from the source to the 
detectors alone path 1 and 2, respectively, which depend on the optical elements in the 
paths. For path 1, ),( 11 uxh  is the same in the two experiments. 
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For path 2, we have different ),( 22 uxh  for the two experiments, 
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where the superscripts H and G indicate HBT and GI, respectively. It is implicit that 
),( 2,1
,
2,1 uxh
GH  depend also on 1z  or 2z . In Eq. (5b), H(v) is the transmittance of the object 
and the integration is due to the bucket detector. In general, we should consider the two-
dimensional imaging. However as x and y directions are independent, we only consider 
the x direction (one dimension). This however does not affect the physics.  
For the thermal light at the source, the first order correlation can be written as a 
series of the form [15,16] 
L+−+−−∝>< + 42122121 )()(1    )()( xxxxxExE ss βα     (6) 
 4
with 2.2/ =αβ . This however does not allow for an analytical solution for the 
correlation functions of the field. We therefore approximate the first order correlation 
function of the source to be a Gaussian Schell model source [15,17] 
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Here we have a Gaussian distribution for the intensity of the source with the width Iσ  
and gσ  is the first order transverse coherence width (correlation length) of the thermal 
light source. The normalized second order correlations (HBT or GI) for the two 
experiments are  
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First we consider the HBT experiment. We consider point detectors located at  
01 =u  and 02 =u .  Setting 021 == uu  in Eq. (8) and substituting Eqs. (2), (3) and (7) 
into Eq. (8), we obtain 
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where ]/)/4/1[(/16)( 2222 IgIxxA σσσπ ++= , and gIz ,2,1 ,σ  are in unit of λ . If 
)( 21 zz − =0, we have HBT = 1. As )( 21 zz −   increases, HBT decreases. In Fig.2, we plot 
HBT versus )( 21 zz −  with  10=gσ  and 61 10=z  for 1/ zIσ =0.002, 0.005, 0.01, and 0.1. 
In the following, we define 1/ zIσ <0.05 as the far field, and otherwise as the near field.  
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Fig. 2 HBT effect for different 1/ zIσ =0.002, 0.005, 0.01, 0.1. 
 
In the experiment with thermal light, the condition 222,1  , gIz σσ >>  is always 
satisfied. We can therefore rewrite Eq. (9) as  
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which is approximately a Lorenzian distribution with a width of )4/(2 2221
2
Ig zz σπσπ + . 
Hence, for small 21
2 / zzIσ  (the far field), the decrease of HBT with the increase of 
)( 21 zz −  is slow, see Fig. 2. That is to say, the smaller 212 / zzIσ  is, the easier the HBT is 
measured experimentally. This is why the HBT experiment is usually done in the far field. 
However, the HBT experiment can be carried out principally with the near field (or not-
far field), because at )( 21 zz − =0 we always have HBT = 1, no matter what is the value of 
Iσ  (and gσ ). Large 212 / zzIσ  (near field or not-far field) does not change the physics of 
the HBT experiment (the intensity fluctuations), but increases the difficulty of the HBT 
experiment.  
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For the GI experiment, it follows on substituting Eqs. (4) and (5b) into Eq. (3) and 
with 21 zz = where the image is formed, we obtain the cross correlation function and the 
intensity  
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and 12 2 2 21 0 1( ) (4 / ) exp[ 8 / ]II u G uπ ξ π σ ξ= − , where 2 2 2 2 2116 ( / )(4 / 1/ )I g Izξ π σ σ σ= + + . 
With Eqs. (10a) and (10b), we calculate 21 1 2 1 1 2GI( , ) ( ) / ( ) ( 0)u z z u I u I u= = Γ =   
numerically. In Fig. 3, we plot the ghost image for a triple slits object (with the width of 
each slit being 10 λ  and the separation between the two slits being 10 λ ) with  
5
21 10== zz  for different values of Iσ  and gσ .  Within the three 
slits, 6.0 and  ,8.0  ,1)( =vH , respectively, and is zero elsewhere. 
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Fig.3, The ghost image of three slits, (a) 21 10/
−=zIσ , (b) 21 105.2/ −×=zIσ , (c) 
2.0/ 1 =zIσ , with 4=gσ , (d) 2.0/ 1 =zIσ  and 1=gσ , and (e) 2.0/ 1 =zIσ  and 1.0=gσ . 
 
From Fig. 3, we see that, for small 11 / zσ  (far field) (curves a and b), there is no 
image. Note that decreasing gσ  does not help for small 11 / zσ . For a good quality image 
we need large 11 / zσ (near field or not-far field) and small gσ . In curves (d) and (e), we 
note the formation of the image and the image edge of the middle slit spreads 
approximately from 3 to 7 and 4 to 6 (see the inset) with visibilities of 12% and 7%, 
respectively. When we have good quality image, the visibility is low. In addition, large 
size slits result in low visibility. Therefore, large 1/ zIσ  (near field or not-far field) 
increases the difficulty for detection in both experiments.  
For small  1/ 1 <<zIσ  (far field) we still have HBT effect, but no thermal light 
ghost image. The difference can be explained as follows. In the HBT experiment, the 
measurement mainly differentiates between two values, HBT = 1 or 0. This corresponds 
to one bit information. On the other hand, in the ghost image, we need to obtain the 
information of the whole object and this corresponds to a large amount of bits. The large 
amount of bits is processed together and one particular bit must not be influenced by 
other bits. For the curve (c) in Fig. 3, it is hard to say whether the image is formed. If we 
consider the three slits as three bits, we can conclude: “yes, we have three bits”.   
Let us consider a very narrow slit for the object located at 20u . The image 
measurement becomes the determination of one nonzero value at one location (and near 
by) and zero value at other locations, which is equivalent to the measurement in the HBT 
experiment to obtain one bit information. Setting gIz σσ >>,1  (valid in any experiment) 
we have 
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The image of the very narrow slit is a Gaussian distribution with a width of 
}4/{ 2221
22
Ig z σπσζ +=  (the same denominator for the HBT effect). In fact, this is a 
transverse HBT effect. For small 1/ zIσ  (<< 1, far field), the ghost image of the very 
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narrow slit can still be formed but with very bad quality (wide spread). Large 1/ zIσ  (= 
0.2, not far field) and small gσ  lead to small width (good image quality), a similar 
situation for the HBT experiment. In order to have good image, each point at the object 
should form its own point image with as small as possible spread. This can not be 
achieved for small 1/ zIσ  (far field) even in the limit 0→gσ .  
From Eq. (9a) we know if 0→gσ  and 14/ 2122 =zzI πσ , the width of HBT is one 
wavelength (very good bunching). Let us consider the theoretical limit 0→gσ  and 
1/ 21
2 >>zzIσ . Under this limit, we have HBT = 1 at )( 21 zz − =0, and HBT ≈ 0 for 
0)( 21 ≠− zz , which can be considered as perfect bunching; photo-electrons always comes 
out in pairs. For an easy detection, imperfect bunching is used, so that 1 > HBT >0  for 
some value of 0)( 21 ≠− zz . For 0→gσ  and 14/ 2122 =zzI πσ , one point object will form 
an image with a size of one wavelength, see Eq. (11). Under the limit ( 0→gσ  and 
1/ 1 >>zIσ ) the perfect image will be formed; or we can say the perfect bunching results in 
the perfect image. It can be proven from Eqs. (10) that under this limit we have 
)()0,( 121 uHuu ∝=Γ [13] with  
∫===Γ 22112221 |)(|/)()()0(/)0,( vHvduHuIuIuu ,              (12) 
which means perfect imaging with very low visibility, as the size of any object is much 
larger than λ . Large-size source improves the quality of the image, and at the same time 
reduces the visibility due to the strong background intensity, which comes from the bucket 
detection triggered by the thermal light passing through different points of the object.  
 
We conclude that the physics behind the thermal light ghost imaging is the 
intensity fluctuations, the same as for the HBT experiment. The difference between the 
GI and the HBT experiments is the information that is required to be obtained: large 
amount for GI and a small amount for HBT (large number of bits versus one bit). In the 
HBT experiment the far field is used for the purpose of easy detection, while in the GI 
experiment the near field (not-far field) is used for good quality image at the expense of 
low visibility.  
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